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OUTLINE OF THE TALK

MOTIvATION AND QRJECTIVES

FormuLATION

- CuassicaL anp Zero-ToTaL-PRessure-Loss SETS

~ Surersontic Contcat Frow EquaTions

- Recavive Motion IN A RoTaTING FRAME oF REFERENCE

HIGHLIGHTS OF MeTHOD OF SoLuTiow

APPLICATIONS:

- Conrcar FLow, SHarp-EDGeDp WinGs (Crassicat anp ZTPL SeTs)

- Conican Frow, Rounp-EpGep Wings (CrassicaL anp ZTPL Sers)

- Turee-DimMenstonaL FLows; TrRansonic anp Low-SpeeD FLows

CoNCLUDING REMARKS

Untrorm RoLLing I8 a Contcar Frow

0 1.0

- RouLing OsciLeaTion IN A Locatry CowicaL Frow }

Classical
Vortex

Separation
Bubble with
No Shock

No Shock/
No Separation

Shock with no
Separation

Shock=Induced
Separation

Separation
Bubble with
Shock

Vortex with
Shock

Figure 1. Miller and Hood1 Classification Diagram.
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o CONSERVATION FoRM OF EuLER EQuaTions IN A Space-Fixep FRAME oF REFERENCE

ConNicAL VARIARLES

ConicaL FrLow LouaTiowng

WHERE

F-1)

CLASSICAL EULER EQUATIONS

= Cp, pu, ov, pw, pel®

= [pu,

= [ov,

= [pw,

= ploly-1) + (u + vy

= e +p

{ =

oul + P, Puv, puw, punlt

puv, pvz + p, pvw, ovh]t

puw, pww, pw? + p, pwhl®
2

+ wz)/z

/o

SUPERSONIC CONICAL FLOW EQUATIONS

xn“.y/!.C.Z/x

(1)

{2)

(3)

(4)

(s)

(6)

(1)

(6)

(7

(9}



Zero—-Total-Pressure—Loss Euler Equations

. Replace the energy equation by either
one of the isentropic gas equations

p/pY = const. or g_t_(ps) + Ve(psv) = 0

Set (1): o Replace the x-momentum equation (second
elements in the vectors given in Egs.
(2) *and (3)) by the steady energy
equation (total constant enthalpy)

_ _ YD 1,2 2 2
h—const-m+2(u + v" + W)

Set (2): * Replace the continuity equation (first

elements in the vectors given in Eqs.

(2) and (3)) by the steady ener
equation given in Set (1) d ¥

EXPLANATION OF TOTAL-PRESSURE CHANGE
FOR CLASSICAL AND ZTPL SETS OF EULER EQUATIONS

DiererenTiaL fulER EQUATIONS

Crocco’s THEOREM

- ?
TeS uxv+ﬁ¢n ()
DeriniTION OF ENTROPY CHANGE :

Pt T

As-Ran—'+c N e— (2)
T P [}

(A) Crassical SET

= 0, h = const AND

b

STEADY FLOW
- - PT.
TVS=wa.AS=R1n-p——
T
FOR A FREE-SHEET @ IS PARALLEL To ¥! ¢S = 0 » PT = PT +» lero-ToTaL-PrResSuRE Loss
(r) Zero~toTAL-PreESSuRe-Loss SET (Swock-FREE AND WEAK SHocks)
h = const, VS = O

AND © MuST BE PARALLEL To V, PT = PT + lero-ToTaL-PreESSure Loss




Crocco’s THEOREM

TAS=axV+ %% + Uh - % v « & Viscous-ForRM oF THE EQUATION

DeriniTiON OF EnTROPY CHANGE

Py

T
AS =R tn 1,...'1 +C 2 T2.
T pn ]

(a) LiassicaL SET

FOR STEADY FLOW %% = 0, h = const AND

. 4

T
T9S =ax7 + Numerica) Dissipation, 4 § = R 2n p—:
T

EVEN IF @ IS PARALLEL T0 V, v S » 0 « PT * PT + Non-Zero TPL

(R) ZERo-ToraiL-PrESSURE-L0SS SET (SHOCK-FREE AND WEAK SHOCKS)

h = const, A4S =0 AND

0 = wx V + Numerical Dissipation, Pr = Pr » Zero TPL

CLASSICAL EULER EQUATIONS FOR THE RELATIVE MOTIOM IN A ROTATING

FRAME OF REFERENCE

(1)

(2)

L4 THE CONSERVATION FORM OF THE CLASSICAL EULER EQUATIONS FOR THE ABSOLUTE MOTION

OF THE FLOW IN A SPACE-FIXED FRAME OF REFERENCE
g% sV e (p V) =0
el sy piiep =0
21§151 sV e (ph¥) =0 .
v2
e = p/e(y=1) + =

h =e + p/p

(1)

(2)

(3)

(4)

(5)




To express these equations

in terms of a

moving frame of reference, we use the following

relations of the substantial and _local

derivatives for a scalar "a" and a vector "A":
g% = -gTar (6.a)
g_afsg—t?.- vt e Va (G-D)
- v
%% = g—f + wxA (7.a)
- . .
%8%-Vt°VA+wa (7.b)

® The transformation velocity 'Is a function of

the moving frame of reference translation and
rotation

(8)

Restricting the motion of the frame of reference to the

rotational motion,
; DVO
P 0 and T - o0,

e the equations of relative motion in the rotating frame of reference

a'P - =
ST le V) =0 (9)
3'(p V )
_a'f'_ +97 < [p V V +pNa. p[mxr + wav + mx(wxr)] {10)
d'(p e ) . ’
—sr— 7 lon i - oLV, (@xF) + (@xF) « (3x7)] (11
where )

v

1 - - - - .-

er'—(_anpy- +?E-?|uxr| =e ~V o (wxr) (12)

vf 2 :
h,. ssﬁ.g.n. + o [oxF| = h ~ ¥V o (axr) (13)




b The abstract conservative form of the relative motion
the rotating coordinates (x', y', z') is given by

in  terms of

X 3'E. ¥3'F  3'§
A Tl SN R (14)

where

9. = [o, UL PV, pW_, pe,.]t (15)
E - 2

r [ou,.. pU. + Dy puLY, pUW, pU,.'v,.]t (16)
F - 2

r = lov,, PUVLs PV + D, oy W, pv,.h,.Jt (17)
g - 2

r = [owe, ouw , PV W, P + D, pw,,.h,.]t (18)

$2100,0,00b2+ 2w +od .
’ r wy)f'P(wy*Zw ' e 2 - . - . .
Ve tw72Z), pl-v, wz + W, wy + wwy2 + wwzz)]t
® Since only the rolling motion is solved » the source (19)
term S has been written for g = we_,, and G =3 €.
° X

HIGHLIGHTS OF METHOD OF SOLUTION

1. We use THE CENTRAL-DIFFERENCE FINITE-VOLUME SCHEME wiTH FoUR-STacE RunGeE KuTTa
TIME STEPPING AND EXPLICIT SECOND~ AND FOURTH-ORDER DISSIPATION TERMS-

2. FOR STEADY FLOWS, LOCAL-TIME STEPPING IS USED, AND FOR UNSTEADY FLOWS MINIMUM
GLORAL TIME STEPPING IS USED.

3. A THREE-DIMENSIONAL COMPUTER PROGRAM IS USED TO SOLVE FOR:

- ConicAL FLoWwS (USING 3 CONICAL PLANES,WE ENFORCE THE ABSOLUTE FLOW VECTOR TO BE
EQUAL ON THESE PLANES) .

- DIRECT SOLUTION OF THE THREE-DIMENSIONAL FLOW PROBLEM.

(2]
m

4. DePENDING ON THE PRORLEM UNDER CONSIDERATION, DIFFERENT INITIAL CONDITIONS AR

USED.

5. DEPENDING ON THE PRORLEM "UNDER CONSIDERATION, DIFFERENT SURFACE, FARFIED AND
SYMMETRY _ CONDITIONS ARE USED- FOR SUPERSONIC FLOWS, THE OUTER ROW SHOCK IS

CAPTURED AS PART OF THE SOLUTION.



NUMERICAL EXAMPLLS (1)

SHARP-EDGED WINGS (CLASSICAL EULER EQS. & ZERO-TOTAL-PRESSURE-LOSS SETS)

ROUND-EDGED WINGS (CLASSICAL EURER EQS. & ZERO-TOTAL-PRESSURE-LOSS SETS)
- NUMERICAL BOUNDARY COMDITEON (COARSE AND FINE GRIDS)

= CLOSED FORM BOUNDARY CONDITION (COARSE AND FINE GRIDS)

THREE-DIMENSIONAL TRANSONIC AMD SUBSONIC FLOWS




ORIGIN
OF POOR.QU
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Figure 1. Standard Euler Set, Sharp-edged Wing, 64X64 Cell,
M= 2.0, «=109, p=70°, 52-0.12. 54-0.005. 1. Surface pressure, 2.

Crossflow Mach number, 3. Crossflow Yelocity.
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- -Pressure-Loss Euler, Set (1), Sharp-edged Wing, 64x64
ﬁi??,’ﬂ‘i}.of°iuloo, p=707, €,=0.12, €,=0.005,1. Surface Pressure,

2. Crossfliow Mach number, 3. Crossflow Velocity.
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Inviscid Sheck .
Sheck Induced Separation
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